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SPIIEROIDIZATION OF BINARY IRON-CARBON 

ALLOYS OVER A RANGE OF TEMPERATURES 

* ** f 
4 K. M. Vedula and R. W. Heckel 

Abstract 

The spheroldlzatlon of cementlte in binary iron-carbon alloys (0.24, 

0.42, and 0.79 weight percent carbon) was investigated over a range of 

temperatures (594, 649, and 704SC) for times up to about 10 seconds. 

Quantitative metallography techniques were used to obtain the following 

microstructural data on the cementite particles: shape, size distribution, 

mean size, number of particles per unit volume, and growth (and shrinkage) 

rates of various sizes in the size distribution. The variations of these 

microstructural parameters were analyzed in terms of existing models for the 

spheroidization process. 

The Lifshitz-Wagner analysis is shown to have limited applicability to 

the spheroidization of cementite in binary steels, since the required steady- 

state size distribution is not attained in times less than about 10 seconds. 

An analysis similar to that of Lifshitz and Wagner, but requiring no speci- 

fication of the shape of the size distribution, is shown to apply and indi- 

cates that the observed spheroidization was diffusion-controlled. The effec- 

tive diffusion coefficient was between the values for the diffusion of car- 

bon and iron in ferrite and approximated the coupled diffusion coefficients 

developed by Oriani and Li, Blakely, and Feingold. 

Graduate Student, Materials Engineering, Drexel Institute of Technology, 
Philadelphia, Pa. 

** 
Professor of Metallurgical Engineering, Drexel Institute of Technology, 
Philadelphia, Pa. 
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5'  _  b^ i   K v.cy<y\\*- *-*} (2) 

where: 

T2. is the mean particle radius at any tine "t, 

150 is the mean particle radius at any time,te, when steady-state 

prowth begins, 

0 is the surface free energy of the Interface (assured Isotropie), 

D is the diffusion coefficient, 

Co is the eouilibrium solubility under conditions where ail  parti- 

cles have a radius of curvature of infinity, 

V^ is the molar volume of cementite based on the fonru]a Fe_C, 

1? is the pas constant, 

T"  is the absolute temperature, 

W  is the reaction constant, and 

J^  Is the stoichiometric factor (v'elpjn fraction of solute in rarticlcs) 

Bannvh, Modin and Modin (5) were amonp the first to obtain auantltative 

experimental data for the snheroldization of cementite In steel. They de- 

-2- 
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I.       TMRODL'CTIOr. f 
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J 
The spheroidlration of cementIte in the iron-carbon system has been con- 

sidered previously in several theoretical and experimental investlpations. 

The I.ifshltz-rapner (1-4) theory predicts that, when the steady-state size 

distribution of cementite particles is attained, the Hnetics may be de- 

scribed hv tnuation 2 or 2: 

(1) for diffusion-controlled prowth: 

K - K« -     -j^r (1) 

(ii) for interface-controlled growth: 



I 

tcrrincd the mean particle size as a function of snheroidlzlng tine  for a 

putectold steel  of commercial purity.      K   was fouml  to be proportional to  L 

at 700oc,  In anreement with the Llfsshltr-VaRner  (1-A)  theorv for diffusion- 

controlled  growth.    At lower  tenperatures afrreewent van poor. 

lleckel   (ft)   has presented mathematlcnl  woi'rlp,  nünpte«!  fv<ipi  t>ie Ltf- 

shitz-I>apner theory,   for five rate-contro! HIT «#rli«rlw»>i,     lh»*r pot'cl» 

have the advantaRes of beinr able to tri-nt  UPV   trirm!   «1»^ /i(«ir Hott ion and, 

therefore,   require no assumption of a  nlrmlv-tiiilr     ui t ftutt Ion.     Two of 

these models arc plven by Inuatlon«  1  .im'  4; 

(ij    tor dirtuslon-controllcd c.rnvtn   (n|n|i"ui    ^u«)i 

(11)  for Interface-controlled prowth,   llirltPtl by the reaction  of the 

deposition   (srowlnp)  Interfaces  (reaction rate proportional to 

the solute  themodynamlc activity gradient across the interface) 

(A) 

where: 

X*. is the radius of the particle whose growth rate is being calculated, * 

s Xj Is the radius of any of  the j      neighbors surrounding  the i    , 

^ D is the diffusion coefficient, 

O is the density of the second phase, 

fij is the number of second-phase particles per unit volume, 

y^. is the reaction rate constant, and 

i ACiJ is the difference betveen the solubilities of  the solute  in the 

- natrix adjacent  to  the    i       and    j       particles.        AC^' mav be 

i J 

! 
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calculated from Equation 5; 

ZfVm  ^ ZiTV^. (5) 
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I 
I 
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I 

Heckel and DeGreporio (7) used these models for their study of a bi- 

nary Fe - 0.75C steel:spheroidized at 70AoC for various times. The dlffu- 

sion-controllpd model (Equation 3 using the diffusion coefficient for car- 

—7  2 
bon in ferrlte I Oc " 6*^ x 10  cm /sec]), gave spheroidization rates 

that differed from their experimental da-a by one to two orders of maRnl- - 

tude. Since the rates predicted by the interface-controlled growth nodcl 

represented by Equation A (with Ki ■ 2 x 10  cm/sec) provided the best I 

fit to their data, they concluded that the process was controlled bv the de- 

position of solute at {»rowing Interfaces (the rate being proportional to 

the thermodynamic activity gradient across the Interface). 

It has been proposed that the appropriate diffusion coefficient for (. 

spheroidlzatlon is not that of the solute in the matrix, but is a coupled 

diffusion coefficient. Orlani (8-9) has considered this problem from a vol- 

ume transfer standpoint where the driving forces and resistive drags of both 

components in the binary system are coupled. He formulated the following 

expression for the effective diffusion coefficient for the spheroidlzatlon 

process: 

i 

rsO .  aVc^t>»*     (6) T 

where: } 

V>j. Vlg are the concentrations In ferrlte of Iron and carbon, respectively,        I 

Veu is the atomic volume of iron in ferrlte, 

\/c is the difference between the volume of one molecule of Fe„C and ^ 

I %- 
-4- ! 
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the volume of three atoms of Iron In ferrlte, and 

Dfgjüt are the diffusion coefficients of Iron and carhon In ferrlte, re- 

spectively. 

Li, Elakely, and Feingold (10) have developed a coupled diffusion a- 

nalysis which considers composition constraints as well as volume constraints. 

I Their expression for the effective diffusion coefficient for spheroldiza- 

tlon of cemer.tite in ferrlte natrlx is: 

Connarlson of the values provided by Iquatlons f» and 7 for counled diffusion 

at 700oC shows that  t) - 6.4 x 10"10 cin2/sec and  D^  " 9.2 x 10"10cin2/sec, 

both of which are intermediate between the diffusion coefficients of carbon 

7    0 1 /    *) 
and iron in ferrlte (S.7 x 10  cnT/sec (11) and fi.3 x 10   cm /sec (12), 

respectively. 

Airey, Hughes, and Mehl (13) investigated 0,15c steels with various 

aHoyinp elements. Their data were plotted in accordance with the Lifshitz- 

V'apner (1-4) analysis assuming diffusion control, and reasonable agreement 

was found. Their calculated Q values, using U   and Equation 1, reached 

unlikely high values at low snheroidlzation tempfratures, and abnormally 

low values for some alloy steels. 

The above mentioned studies provide a variety of experimental data, ana- 

Jytical models, and conclusions to the mechanism of spheroidlzation in steels. 

Many factors may have contributed to the inconsistency in conclusions.  Ex- 

perimentally, the purity of steels used has not always been high and data 

have not always been obtained over large ranges of temperature, carbon con- 

centration and time.  In the treatment of their data, investigators have 

■5- 



I 
generally applied only a single method of data analysis. The present study — 

was designed to overcome these drawbacks. Extensive data were obtained for 

relatively large ranges of temperature, carbon concentration and time. f 

Pure iron-carbon steels were used and the data were analyzed in terms of 

Llfshitz-VJagner theory (1-4), the adaption of the Lifshitz-Wagner theory        ^ 

used previously by Heckel and DeGregorio (6,7), and a newly-developed method. 

Values of diffusion coefficients obtained from the analyses of Oriani (8,9) 

and LI, Blakely, and Feingold (10) have been used in the mathematical models 

for diffusion-controlled spheroldization along with diffusion coefficients 

for iron and carbon in ferrlte. The results of all of these analyses have 

been compared to the experimental data In order to develop an understanding 

of the spheroldization mechanism and to resolve some of the controversy that 

currently exists in the literature. 

II.  EXPERIMENTAL PROCEDURE AND RESULTS 

A. Materials 

The steels used in the present investigation were obtained in the form 

of 1/2 inch diameter, vacuum-melted, chill-cast, laboratory Ingots.  Composi- 

tions of the three steels used are given in Table I. Consistency in the 

spheroldization data indicated that the impurity levels were low enough to 

consider these steels as binary Fe-C alloys. 

B. Heat Treatment 

The ingots v».re cut into slices (about 1/8 Inch thick) and mounted on 

steel wires in preparation for austenltlzing, quenching, and spheroidizing. 

Table II lists the heat treatments given. 

-6- 



1 
I 
I 
I 
I 
I 

I 
i 
I 
I 
I 

C. Ouantltatlve Metallography 

Photomlcropranhs were taken at lOOOX and enlarged to about 3000X to 

facilitate accurate particle measurements. Figure 1 illustrates the type 

of structure observed for the Fe - 0.79C steel spheroidized at 704oC for 

various times.  Cemcntlte particle size distributions for each siiecimen were 

obtained by usinp the DeHoff (14) analysis for ellipsoids of revolution of 

constant shape.  The major and minor axes, for the best fitting ellipse, for 

each particle observed on the photomicrooraoh, were measured and prouperf into 

size classes.  lictween 500 and 1500 particles were measured in the determina- 

tion of each size distribution. This random plane size distribution of par- 

ticles was converted to a volume size distribution uslnp Equation 8: 

k r k 

I 
ww"  '     ' '    '  ^ C8) 

where: 

Nj are the number of particles in the j  size class per unit volume, 

k is the number of size classes, 

kc^) is the shape factor, a function of Cj - Bj/Aj , 

n; ÖJ «ire the major and minor axes of the ellipsoid of revolution, 

respectively, 

A- is the size class increment, 

O: are the number of particles in the- i ' size class per unit area, and 

/iij^)   are the Saltykov coefficients (14). 

The volume fraction of cementite. Yy , and the total cementltarfcrrlte sur- 

I face area per unit volume, Sy . may be obtained from the size distribution 

data usinp Equations 9 through 12: 

k 
VT (oblate) = ^j "^ (ftjf (Bj) O) I 

I 
I 

(30) 



sTi?™.0i.)x£Mit4^+^<a,
Si«-e]    (12) 

where: 

<Aj) 
The appropriate value of cf  and the particle shape (oblate or pro- 

late) were detemined by comparing VT and ST values obtained from Eoua- 

tions 9 through 12 to values obcained by size and shape Insensitive tech- 

ninues. Point counting and lever rule calculations were used to obtain Vj-. 

The Sirith and Guttnan technique (15) was used to obtain Sf : 

ST = Z NL (13) 

where N^ Is the number of intercepts of cementlterferrite interface per 

unit length of test line. An oblate shape with the O values given in Table III 

;'as found to give tre best agreement between V-f and Sy values obtained from 

Fnuations 9 through 12 and values obtained by the size and shanc Insensitive 

technloues nentioued above. Table Til shows the mean value of «4 to he 

0.73 with no systematic variation with temperature, time and/or composition. 

Typical variations in cementite size distributions (obtained from the DcHoff 

analysis (Equation 8 and <\    values in Table III) as a function of spherold- 

Izlnp time are shown in Figure 2 for the Fe - 0.79C steel spheroidlzed at 

70Aor, 

The mean oar tide size for each size class, K\   , the mean overall nar- 

tlcle size for each specimen, H , and the total number of particles per 

unit volume, t\y  , for each specimen were calculated using Equations 14 

through 16: 

R- I fli* ^    (oblcte)       (14) 
J  k  b 

^ - jA. j    (15) 

4s» 

-8- 
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ky-     ^ Mj (16) 

J-» 

Figure 3 shows the variation of Nj with srheroldizlnp tine for all snecl- 

racns. Figure A p.lves the variation of  (ü — "R.,)     as a function of 

f-£ —£ )        where £0 and t,e arc the mean radius and spheroidizlnp 

time for the specimen snheroldlzed for the shortest time at each tenperature. 

Til. DISCUSSION 

| A. Analysis of size distribution changes with tine 

^ Steady-state kinetics is oLserved, accordlnc to the Lifshitz-V'agner (1-A) 

- theory, after a steadyrstate size distribution of cementlte particles Is at- 

tainetl.  1'cuatlons 1 and 2 describe the steady-state rrowth for dlffuslon- 

controlled and interface-controlled nechanlsms. respectively. \'agner (1) 

has given the shane of the .steady-state size distribution curve to be ex- 

pectcd for diffusion-controlled growth (Figure 5 - dashed curve). 

* In the present investigation, experimental size dlstrlbutlor curves of 

t the tyne sliovu In Figure 2 were normalized for connarlson to this stea<Iy- 

statc size distribution by dividing each distribution Into 12 equal incrc- 

j nents on a scale of Rj/R, ranging fror. 0 to 3.0. 1'lstograms thus obtained 

were approximated by continuous curves.  Figure 5 shows the normalized ex- 

l perlnental size distribution curves for the Fe - 0.70C steel snheroldlzed 

, at 70AoC, cor.nared to the predicted steadv-state distribution. Although 
i 

the exrerinental size distributions anrroaclKHi the steady-state size distri- 

butions with Increasing snheroldlzing tltre, steady-state was not attained 

in the ringe of time covered by the nresent Investigation. 

Ardell and Nicholson (16) Investigated spheroldlzatlon of  0  in the 

yi-Al svster and found that the steadv-state size distribution vas attained 

i 

I 

I -9- 



.it very short times. They ohtained pood apreenent with the Llfshltz-l.'arner 

theory for diffusion-controlled kinetics. Anparently, the Fe-C systeir ap- 

proaches steady-state sphereidization much more slowly. 

B. Analysis of R vs. t  data 

The variation of mean radius, ^ , with snhcroidlzlnr time , Z.   ,  was 

studied usinf. Enuatlons 1 and 2 In order to evaluate their apnlicahilltv to 

size distrihutlons which only approached the steady-state.  R^and *Q , 

values at the initial stapes of observed spheroidlzation, were substituted 

in Tnuatlons 1 and 2 for the values at the onset of steady state, NQ and Ce 

Figure A shows the experimentally observed behavior of ("R "^o) vs. \t."to} 

for all compositions and temperatures studied. The slopes of the lines are 

p.ivn in Table IV, The slones generalIv increase with increasing temperature 

and appear to approach 1.00. Application of Equations 1 and 2 to steady- 

state size distributions (using K0 and t0 ) should provide a slope of 

1.00 for diffusion control and 1.50 for interface-reaction control. The 

data of the present investigation suggest a diffusion-controlled mechanism, 

with the deviations of slopes below 1.00 being due to non-steady-state con- 

ditions and the arbitrary selection of values for ^0 and t0 . 

The data points in Figure A were used to obtain values corresponding 

to U In r.Quatlon 1, by forcing a slope of 1.00 on them and measuring the 

Intercepts. Values of   (T ■ 700 ergs/cm ,   Vrt » 24.3 cm per mole, 

1?  - 8.32 x 107 ergs per .nole - K0, X)   *  0.067 and  C0 values at dif- 

ferent temperatures from the literature (17) were used for the calculation 

of 0  from the Intercept value. Table V lists the calculated values of 

^  . The slope of log t)  vs. '/T was not constant and may be attributed 

to the ncn-steady-state kinetics. This will be discussed in further detail 

later. 

I 
I 
I 
I 
I 
I 
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C. Analysis of size distribution to pet «^/(Jt . 

This method of analysis was basically similar to that used by lleckel 

nnd DeCrcporlo (7).  hjcnerlmental size distribution curves were compared as 

.1 function of spheroldlzlng time to obtain values of u*;/rft, the growth (or 

shrlnkape) rate of a given size In the distribution. These experimental 

values of <^/A were compared to calculated values obtained from Cnuatlons 

3 and 4. The present study differed from the forner (7J In that a) a 

series of "D  (Tauatlon 3) and K| (Kouatlon A) values were used in order 

to find the value that best fit the data for each of the two models, and 

b) the difference in time over which the experimental dxi/rft values were 

determined was subdivided into about 100 time increments for the evaluation 

of cl*J,/<ft  values from l.auations 3 and 4. This second change fron the 

former method of analysis provided a more continuous variation in the size 

distribution over the time range between two experimentally-determined dis- 

tributions.  Comparison of experimental and calculated values of OJC^/OC 

showed that the size for zero growth rate was always larger for the exneri- 

nental rates than for the rates calculated for either diffusion-controlled 

or interface-controlled growth (as also shown by the previous study (7) ). 

Typical results for the Fe - 0.79r steel at 7nA0C in the present investi- 

gation are shown in Figure 6. The lateral displacenent between the exneri- 

montal and calculated grovth curves is probably due to errors involved in 

obtaining the experimental growth curves (7) and, thus, comparison to cal- 

culated curves should be rade after shifting the experimental curves in order 

to obtain alignment of the sizes for zero growth rate. Comparison of the 

curves shown in Figure 6 gives a value of ^ (for interface-controlled 

growth) between 10  and 10  cm/sec or a valur of O (for diffusion-con- 

-7  2 
trolled growth) of about 10  en /sec.  Selection of the appropriate rate 

-11- 



controllitiR mechanism by notlm» whether either K'| or D was constant with 

tine at the snheroldlzinp temnerature was difficult due to Inaccuracy In 

sMftlnr. and comnarison.  It should he noted thouph th3t the values of  D 

verc r.enerally lower than those for diffusion of carbon in ferrite (11) 

and the values of Kj at 704mC  are in the ran.,.- determined nrevlously (7). 

I). Analysis of Ny vs.X data 

Tnuations 3 and A iray he used to calculate the variation In the total 

mir.her of nartlcles per unit volume, N«{- , as a function of time for com- 

narison to the experimental data shown in Flpure 3. This calculation was 

accomplished by: 

i)  dlvldinp an experimental size distribution Into about 20 size 

classes, 

11) assuming a value of 0 (for Equation 3) or K\   (for Eouation 4), 

ill) calculating the change in size of the particles in each size class, 

AXt , for time increments, At , which were small compared to 

the time between experimental data points (about 100 increments 

were used), 

iv) continuing step (ill), noting the times at which disappearance of 

the class containing the smallest particles occurred. 

Tn those Instances where this procedure reduced the number of size classes 

to 5, the size distribution was then reformulated into about 20 classes 

and the calculation was continued. The above sequence of steps provided 

the data necessary to calculate the change In size distribution and, thus, 

the change lr N-p with time for any value of D or V^|. 

Comnarison of calculated values of l4-j- to the experimental values for 

the three steels spheroldlzed at three temperatures showed that the dlffu- 

-12- 



sion-controlled p.rowth model (Equation 3) approximated the experimental data 

as a function of time with only about an order of magnitude (or less) vari- 

ation in D . The Interface-controlled Rrcwth model (Equation A) generally 

required a two to three order of magnitude variation in K| to fit the ex- 

perlirc-ntel N-f vs. X data. The results of these calculations for the Fe - 

Cj.mc  steel spheroldlzed at 704,C are shown in Figure 7. The size distrl- 

button at 2 x 10 sec (specimen IA) was used to calculate the decrease in N-p 

v;lth tine fror' both Equation 3 and Equation 4 with various values of D and 

K| , respectively.  It can be seen in Figure 7 that the shape of the dif- 

"JO 

fusion-controlled growth curve with a value of  D ■ 10  cm /sec most closely 

approximates the experimental Ny values as a function of time. In addition, 

calculations of Njvs.L baset* on Equation 3, but starting with later ex- 

nerlmental distributions (snecinens 3A, 5A, and 6A), also indicate a good 

—8    —7  2 
approximation of the experimental values with 10 0^0  cm /sec. These 

values arc in agreement with those obtained fron the a\/Ät  analysis dis- 

cussed previously and show much less scatter than the U values from the 

a<^/Jt   analysis. Figure 7 also shows that the curves of Njvs. L 

calculated from Fauation 4 do not confom to the shape of the experimental 

curves and the polnt-to-noint fit to the data may be achieved only after 

several orders of magnitude variation of ^.  in E(,'iation 4. A summary of 

the 'best fit" values of D and K, at 70^C  for boi h the Fe - 0.79C steel 

(Figure 7) and the Fe - 0.42C steel are presented in Table VI. The values 

of D for these steels have approximately the same magnitude and show much 

less variation with time than the values of K| . The N^vs.tT analysis 

clearlv defines the process to be diffusion-controlled. A summary of the 

best fit'" values of Ü using the M-j- vs. L data starting with the short- 

est tire sljtc distribution for the three steels spheroldlzed at three tem- 

-"3- 



neratures Is plven in Table VII. 

The changes in size distribution that can he  calculated fron this Nit 

vs. t analysis pive another justification for the ariplicabillty of this 

type of analysis to spheroidization data. Figure fi ^hows the nomalized 

» 
-.ize distribution curves that were calculated usinp. the diffusion-controlled *'■ 

rrovth model (louation 3) for the Fe - 0.79r steel at 70Aor usinj«  D = in" 

enr/soe and the size distribution at  L * ? x 10 .sec (snecimen 1A in 

Ki«*urc 7).  It can be seen that the calculated distributions annroach the 

steadv-statc distribution and closely annroxinatc the nomalized e:;rerinen- 

t.nl distributions shown in Fifurc 5. 

I". Tennerature Denendence 

The values of D obtained by the various ii>ethodB of analysis used 

in the present investigation are sunmarlzed as a function of tennerature 

in Figure 9. Values of the diffusion coefficient of carbon in ferrite, 

^c  (11), the diffusion coefficient of iron In ferrite, l>pe (12), the coupled 

(volume) diffusion coefficient of Oriani, U  (B,9), and the coupled (con- 

position and volume) diffusion coefficient of Li, Blakcly, and Feingold, 

U   (10) ate shown for comparison. 

It may be seen that the counled diffusion coefficients accurately pre- 

dict the temperature dependence of the D values determined by the N-j- 

vs. "t analysis.  It is expected that the experimental D values should 

he somewhat high, since the model used (6) employs a minimum cross-section- 

al area of the diffusion paths between particles. Therefore, calculations 

usinp this model would result in experimental 0 values that were sone- 

v.-hat large. In addition, the experimental Ü values were based upon the 

sphproidizatlon of the initial size distribution.  T^ble VI and Figure 7 

show that there is a tendency for the D values to decrease slightly with 

-14- 



time. Tf the effects of the  cross-sectional area of the path« and the 

lonr.-tlme 0 values were incorporated into Fipure 9, the aprecment between 

the experinental D values and the coupled l) values would be mich better. 

The non-linearity of the plots of ^ values detemlned bv the Lif- 

shltz-V.'apner analysis of the mean particle size shown In Fip.ure 9 is prob- 

ably due to the non-steady-state distribution exhibited by the data.  It 

should he noted that the hipji-teinperature data points define a slope vhlch 

apnroached that of the coupled "b values and that of the N-j vs. L data. 

Tovever, the departure fron the steady-state condition at lower temperatures 

brlnps about considerable error in usinp this analysis.  It is conceivable 

that this is the reason that Uanpyh, Modln and Modln (5) found that the 

Llfshltz-V.'.iRner analysis was not applicable to their data obtained at tem- 

peratures below 7n0oC. 

IV.  SrflARY AND CONCLUSIONS 

The present Investigation provides spheroidization data for comentlte 

in iron-carbon alloys over ranges of carbon content,  temperature, and time. 

F.ecause of the purity of the binary alloys that were studied, the results 

obtained could be compared to the various exlstlnp spheroidization models 

for binary alloys.  It may be concluded from this comparison that: 

1. The experimentally-dctemlned size distributions of cementlte 

particles approach the Llfshltz-V.'ajrner steady-state distribu- 

tion, but do not reach it in times up to about 10 sec. 

2. The "R vs. X analysis of spheroidization (Lifshitz-l'apner) may 

lead to errors in data analysis if the departure from the steady- 

state size distribution is larpe.  The departures from the steady- 

state size distribution are smallest at the hlphest spheroidizinp. 

•13- 
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temperatures and, thus, the «rrors in using the Llfshltz-Vap.ner 

treatment are lowest in this range of temperature. 

3. The mathenatical model rroposed previously (6) provides a  means I 

for analyzing spheroidization data for size distributions which 

are not at steady-state. 

A. Analysis of l*x vs. t data provides similar results with much 

less data scatter than the method of ar.alvsis of prowth (and 

shrinkage) rates of individual size classes ( d*i /dt )   (7). 

;;. The analysis of N-f vs. t data in terms of prevlously-develorod 

models (f>) indicates that the spheroidization of binary iron- 

carbon alloys is controlled by lonp.-range diffusion. The annro- 

prlate diffusion coefficient lies be ween the extremes cf the 

diffusion coefficients of iron and carbon in ferrite. A coupled 

diffusion coefficient, of the types proposed by Oriani (8,9) 

and Li, Clakely, and Feingold (10), annears to be arrllcable. 
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Table I 

C^ Cr iii SI Co Cu V IlH 

Fc-0.24C 0.2A i;.F.       N.F.      0.00X    O.OOX    O.OOX    O.OOX    O.OOX 

I 
I 

Composition of steels (weight percent) *. 
used in the present Investigation I 

I 
Fe-0.42C     0.42  0.0U2** O.U75** O.OOX O.OOX O.OOX O.OOX O.OOA | 

Fe-0.79C     0.79  0.004**  X.F.  0.022**0.OOX O.OOX O.OOX O.OOX 

♦combustion 
**jet clictr.istry 

all other elements analyzed by sncctropraphlc analysis 
X.F. - not found by spectrof,raphlc analysis 
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Table II 

Summary of austenitlzing and spheroidlzlng heat 
treatment conditions used In the present investigation 

Fe ■ - 0.24C 855 

Fe • - 0.A2C 815 

Fe ■ - 0.79C 755 

Austenitizing treatments 
Temperature    Time 

Range of spheroidizing times 
(sec) at different temperatures 

i!cl (min) 

8 

8 

8 

704oC 649* C 

2 x 10 
to 

1 x 10 

7 x 10 
to 

3 x 10 

59A>C 

2 x 10 
to 

1 x 10 

f 

f 
I 

* All heat treatments carried out in salt baths 
+ Austenitizlng followed by water quench 

I 
I 
I 



TaMe TTT 

"allies of the axial  ratio of oMate »»1 Unsold« of 
revolution, d   , as a function of steel  coinnosftlon 

and snheroldlxlnr conditions 

Tine  (sec)  of snheroldlzini» at 70A*r 

IJLi/l1 1 X
 

1O3 20 x IP1 30 x in* ino x I"1 20^ x 101 3Sn x 10^    looo x in"* 

re -   n.2AC    0.55 0.75 0.85 1.00 

To - O.A2r    0.60                             0.55            0.Q0 n.yn 0.7S l.on 

Fe - 0,70r    0.65 0.75          0.75            0.75 O.75 0.05 n.po 0.^5 

Time  (sec) of soheroldlzlng at 649*r 

7 x in1 20 x 103 100 x 103 300 x in3 

Fe - 0.2AC 0.60 0.60 0,70 0.75 

Fe - r».42r 0.f.0 0.55 0.70 0.70 

T> - 0 7*>r n.70 0.75 0.95 0.55 

Time  (sec) of snlieroidlzinp at 5Q/.,r 

20 x 103 100 x 103 200 x 103 350 X 10
3 500 x 103 IOOO y 103 

Fe - 0.2Ar 0.80 0.60 0.65 0.55 0.60 

Fe - 0./,2r O.QO 0.70 0.75 0.00 0.60 

Fe - 0.70r 0.90 0.75 0.8O 0.65 0.60 0.70 



I 
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Table IV 

Slopes for fiots of lojK^-Kp )VR.  loyC't'to) 

(from Flj»ure A) 

Temperature  (C*) 

70A 65« 5*»4 

Fe - 0.24C 0.74 0.79 0.86 

Fe - 0.42C 0.72 0.68 0.58 

Fe - 0.79C 1.02 0.fi5 0.70 

I 

1 
I 
I 



Table V 

Values of    D   (cm /sec) obtalnec? fro«" R  vs.t   analv^is 

Temperature  (Cm) 

704 fi&«> 50Ä 

Fe - 0.24C 1.4 x FT8 -0 
1.« x 10 I.?, x 10 

Fe - o.42r l.fi x  10"8 1.3 x 10"9 1.5 r 10'° 

Fe - n.70C 6.0 x  10~R f.O x in"9 3.n x lo"q 
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Table VI 

Sumarv of values of 0    (cn/sec) and l^j fcn/sec) 

which provide the best Ht to tho  NTV.«?. "t data 

for the Fe - 0.Ä2C and Fe - o.ytsteels spheroldlz*»«» 

at TOA^C, Values arc listed accortHnp to thn 

spheroid!zlnp tine of the snerlnpn used to obtain 

the experimentally-deternlned size distribution 

which was used as the startlnj» nolnt for the calcula- 

tion nslnR Fnuatior 1 and Fnuaffon t<. 

Fe - 0.42C 

Fe - 0.42C 

Fe - n,79r 

Fe - n.T>C 

X) 

Values of D and Kj to pet best fit 

of Klj-vs.X startlnR with exnerlnenral 

size dlstrlhntlon obtained at jWr 

after the folloyinp tines (*££)_' 

.3 
2 x in 

0 x 10 

400 x 10 

-8 
i 

-6 

10 x 10' 

600 x 10 
-6 

20 x ln       ion x in 
 ■—I—  

?on x 10 

2 x 10 

?0 x 10' 

5 x 10" 

100 x in' 

-8 
1 x 10 

1x1" 

-8 

-f 

■\  x 10' 

10 x 10" 

1 x lO 

0.7 x l'' 
-f I 

1 x 10 

1 x 10 
-* I 

I 
I 



TaMc VTT 

SuiBPinry of values of D which nrovtdc rh#» hrsf fit of fmiatlon ** to t^»»» 

N-r v«. t data for the three steels and three sr-'eroldlrtoe tertJeratMrps 

studied. The expcrlrcntallv-detennlned size distrl^utloe used vltb 

Equation 1 was obtained fror snecirens snhorold^zpd for the  shortest 

lenpth of time (see Tahle ITT) In order to nrovld«» a fit over the wfHest 

nossihle time ranpe. 

1 
I 
] 

Temperature (*C> D /cm /ser) 

re - n.2Ar 7^/. 1.5 y  in'J 
Fe - 0,A?r 7nA *> x 10"^ 
Fe - n.7«ir 7^ 1x1^ 

Fe - n.2Ar MO ^.lt x in*J 
Fe - n./,?r M^ 1.2 x in" 
^e - 0.7«>C f.A« 1 x 10" 

Fe - 0.24r 504 1.& x 10~^ 
Fe - 0.4?r 50& 1.2 x 1« Q 
Fe - 0 70C «j"/. 1.1 y in" 
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Figure Captions 

Figure I - Photonlcrographs shoving the change In size distributions of 
cementlte In ferrlte In the Fe - 0.79C steel as a function of tl»e of 
spheroldlzlng at 704*0. 4  X750 

(a) specimen 1A (2 x Itr sec);   (b) specimen 3A (2 x 106 sec); 
(c) specimen 6A (2 x 10 sec);   (d) specimen 9A (1 x 10 sec). 

Figure 2 - Number of particles per unit volume, Nj,In a given size class as 
a function of Its mean particle size, "Rj , for the Fe - 0.79C steel 
spheroldized at 704*0. 

Figure 3 - Tctal number of particles per unit volume, ^T , as a function 
of spheroiiizing time, "t , for the three steels and three temperatures 
studied In the present investigation. 

Figure 4 - Variation of the mean particle radius, T2. , with spheroldlzlng 
time, "t , plotted in the form of (ft3 - ^  )as a function of (t-"t« ) 

for the three steels and three temperatures studied in the present inves- 

tigation. R.e and "to values are taken from the shortest spheroldlzlng 
times studied. 

Figure 5 - Normalized size distribution curves for the experimental data 
for the Fe - 0.79C steel spheroldized at 704*C, compared with each other 
and with the steady-state size distribution predicted by the Lifshltz- 
Wagner theory. 

Figure 6 - The experimental rates of growth of particles in a given size 
class, dx^/Jt  . are plotted as a function of the size of particles 
in the size class, X^ , for particles In specimen 1A growing to particles 
In specimen 2A (Fe - 0.79C steel spheroldized at 704*C). These are com- 
pared with the calculated rates based on the diffusion-controlled and 
the interface-controlled growth models. 

Figure 7 - The experimental variation of the total number of particles,NT , 
as a function of spheroldlzlng time, t. , compared with the calculated 
variations. The calculated variations are based on the diffusion-con- 
trolled and the interface-controlled growth models. Variations are cal- 
culated from different starting size dlstributlor-s for the Fe - 0.790 
steel spheroldized at 704*0. 

Figure 8 - Normalized size distribution curves, calculated for the Fe - 0.790 
steel spheroldized at 704*0, using the diffusion-controlled growth model, 
compared to the steady-state size distribution curve predicted by the 
Lifshitz-Wagner theory. The value of  D - 10"' cm^/sec and specimen 
1A as the starting size distribution were used for the calculation. 

Figure 9 - Plots of diffusion coefficient, U , as a function of inverse 
temperature, */T •   Dc and D^were obtained from literature (11,12). 

T)  and D were calculated using Equations 6 and 7. Values obtained 
from the  K-|- and ^  analyses are compared to these values. 
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Figure 1 - Photomicrographs shoving the change In size distribution of 
cementlte In ferrlte In the Fe - 0.79C steel as a function of time of 
spheroldlzlng at TOA'C. . .  X750 

(a) specimen 1A (2 x KT sec);   (b) specimen 3A (2 x 10 sec); 
(c) specimen 6A (2 x Kr sec);   (d) specimen 9A (1 x 10 sec). 
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STEEL Fc-0.79 C 

TEMP. 704°  C 

o        1A 2.0x103sec 

a        3A 2.0 x 104sec 

•       6A 2.0x105sec 

■        9A 1.0 x lO^ec 

2 4 
PARTICLE    SIZE (Rj),   CM 

6x10" 

Figure 2 - Number of particles per unit volume,N: , in a given size class as 
a function of its mean particle size,ft: , for the Fe - 0.79C steel 
spheroidized at 70k*C. « 
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Figure 3 - Total number of particles per unit volume,M« » as a function 
of spheroidizing time, "t , for the three steels and three temperatures 
studied in the present investigation. 
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Figure 4 - VarUtlon of the mean particle radlua, R , with a Bpheroidlrlng 
time, t , plotted in the for« of ( R9- RJ ) as a function of (t- t«) 
for the three steela and three temperatures studied in the present inves- 
tigation. J, and t# values are taken from the shortest spheroidizing 
times studied. 
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Figure 5 - Normalized size distribution curves for the experimental data 
for the Fe - 0.79C steel spheroidized at 704*0, compared with each other 
and with the steady-state size distribution predicted by the Lifshltz- 
Wagner theory. 
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Figur« 6 - The experimental rates of growth of particles in a given size 
class, iKl/it . «re plotted as a function of the size of particles 
in the size class.X't , for particles in specimen 1A growing to particles 
in specimen 2A (Fe - 0.79C steel spheroidized at 704*0. These are com- 
pared with the calculated rates based on the diffusion-controlled and 
the interface-controlled growth models. 
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STEEL  Fe-OJSC^ 
TEMP.    704oC   / 

STEADY STATE 

I 

Figure 8 - Normalized size distribution curves, calculated for the Fe - 0.79C 
steel spheroldlzed at 704*0, using the diffusion-controlled growth model, 
compared to the steady-state size distribution curve predicted by the 
Lifshltz-Wagner theory. The value of 0 - 10"7 cor/sec and specimen 
1A as the starting size distribution were used for the calculation. 
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Figure 9 - Plots of diffusion coefficient,D . as a function of inverse 
temperature, VT. C^ and Dr€were obtained from literature (11, 12) 
DT and Ol,Wwere calculated using Equations 6 and 7. Values obtal 

from the ^and j^ analyses are compared to these values. 
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